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Abstract—This paper surveys ongoing research for pervasive
healthcare system development, highlights the associated tech-
nical challenges and outlines some possible future topics that
require innovative research. We present a conceptual high level
system overview for pervasive healthcare including a resource
constrained architecture for extracting fetal electrocardiogram
from maternal composite abdominal signal as a case study.
I. INTRODUCTION
In recent years, rapid development in embedded technology,
communication technology and sensor networks turn pervasive
computing theoretical research into practical possibility [1]. It
opened up signiﬁcant opportunity in health monitoring system
development and will help making the concept of personalized
healthcare a reality [2]. Such system has tremendous potential
to provide in-time care and safety interventions, lowering
healthcare cost and allowing early detection of health related
problems [3]. Though pervasive computing has attracted con-
siderable academic research and industrial interest, still more
research has to be done in pervasive healthcare [4].
In this paper, we present an overview of the current research
trend for pervasive healthcare system, discuss associated tech-
nical challenges and outline some possible future research
opportunities. We present a conceptual high-level architecture
where low complexity specialized circuitry could be embedded
within the sensor nodes for such a system. Some prelimi-
nary results of such specialized hardware design from our
research are also shown here. The remainder of this paper
is organized as follows. Section II gives an overview of the
ongoing research in this domain. Section III discusses the
proposed conceptual architecture and our main research focus.
Section IV justiﬁes the necessity of our proposed architecture
with a case study on low-power architecture development for
pervasive healthcare. Future research challenges are discussed
in Section V.
II. CURRENT RESEARCH FOCUS
There is a large body of literatures existing in the ﬁeld of
pervasive computing. Depending upon current research thrust,
recent works can be classiﬁed in three categories - system
architecture, sensing and communication, and service.
A. System Architecture
Pervasive healthcare applications would require sensing,
communication and services. This represents conﬂicting re-
quirements and therefore numerous architectures have been
proposed. Recently a generic reference architecture of perva-
sive computing is discussed in [1] on the basis of current status
of it, and in conjunction with ideological and security mecha-
nism. High level view of personalized pervasive healthcare is
reported in [4]. An adaptable pervasive computing architecture
is discussed in [5] where main research challenges have been
identiﬁed as - pre-processing of the collected physiological
signal to extract particular feature and analyzing the extracted
data to make decision. A wide area mobile patient monitoring
system architecture is discussed in [6]. According to this, the
potential beneﬁts of such system architecture are - continuous
monitoring for chronically ill patients, better quality care and
feedback for patients, increased medical capacity and reduced
medical cost for patient care.
B. Sensing and Communication
In [7], 4C’s - Computing, Communication, Cognition and
Collaboration are identiﬁed as the basic requirement of tech-
nology development for pervasive computing. In recent years
considerable amount of research has been performed on Com-
puting and Communication - the ﬁrst two of 4Cs assuming
that the sensor nodes can only capture data and transmit
to the central node which has adequate resources for com-
putation. Accordingly emphasis is given towards developing
new generation distributed wireless intelligent sensor system
[8] which is convenient to use, noninvasive in nature and
unobtrusive so that it does not affect the normal activity. One
such effort is given in [9] where a real-time remote arrythmia
monitoring system prototype has been developed in NASA. It
describes the system architecture and implementation issues
for such system from the perspective of wireless communica-
tion technology. [10] describes the management framework
for comprehensive wireless patient monitoring. The main
research focus is in reliable network architecture development.
The applications and challenges of pervasive healthcare and
wireless health monitoring are discussed in detail in [11] by the
same author where important issues in communication layer
including throughput, quality of service, network reliability,
network coverage and trafﬁc management are discussed. Re-
cently an interesting research has been carried out in [12] to
provide a common taxonomy of pervasive healthcare systems.
The main aim of pervasive computing- to provide people with
a more natural way to interact with technology and services by
embedding computation into the environment as unobtrusively
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for remote health monitoring of the patient. In [14] and [15],
taxonomies of Wireless Sensor Networks (WSN) models have
been presented depending upon the different communication
functions and classiﬁcation is done based on data delivery
models, network dynamics and communication protocol per-
spective. Survey on wireless sensor network has been done in
[16]. [17] presents wireless integrated network sensors com-
bining microsensor technology, low-power signal processing,
computation and low-cost wireless networking in a compact
system. The importance of signal processing in the wireless
sensor networks has been described in [18] to reduce the
number of bits transmitted over the communication channel.
It has been mentioned that different optimum algorithms to
solve different research problems related to signal processing
are not efﬁcient when implemented because the total power
consumption exceeds their beneﬁts. Power consumption has
been identiﬁed as one of the most important constraint for
designing sensor rich pervasive networks in [19] and [20].
[21] identiﬁes the advantages of such pre-processing unit
inside the sensor nodes as it makes the transmitter/ receiver
coding/ decoding strategies optimum and reduces number of
bits transmitted over communication channel. This reduces
the burden on communication layer as well as consumes less
power. [20] and [22] show that sensor nodes have limited
energy resources and mainly depend on on-board energy
(battery back-up) or harvested energy.
C. Service
[4] indicates that next generation of pervasive healthcare
services must provide personalized solution across distributed
networks, where care professionals or informal care givers can
monitor an individual’s wellbeing in their own home. This
will accomplish the goal of independent living. Subject to
user agreement, information can be sent to a variety of care
providers. Security and authentication have been identiﬁed as
main concern in service layer [4]. One important issue in
this layer is - how to provide better healthcare services to
an increasing number of people using limited ﬁnancial and
human resources [10]. The current and emerging pervasive
computing technology could improve the overall quality of
service for patients in both cities and rural areas, reduce the
stress and strain on healthcare providers, while enhancing their
productivity, retention and quality of life, reduce long term cost
of healthcare services [10]. There should be communication
link among hospital, ambulance and healthcare providers for
getting emergency service. Healthcare professionals have to be
trained [10]. Along with this longitudinal and clinical studies
are needed to realize the beneﬁts of pervasive healthcare [3].
It is clear from the above discussion that due to recent
advances in Micro-Electro-Mechanical Systems (MEMS) and
wireless communication, main research focus in wireless
sensor network is concentrated mostly on sensing unit and
transceiver designing. Power, area and memory - constraints
in WSN limit the development of signal processing algorithms
which are computationally intensive. But, continuous process-
ing at the sensor node would drastically reduce the ﬁnancial,
computational, and management burden on communication
system components, networks, and human resources. For these
reasons, current research tends towards power-aware protocols
and algorithm development. The open research issue is to
design low-power, low-cost, tiny processing unit inside the
sensor node which takes sensed signal, pre-processes it and
collaborate with the transceiver [19].
III. PROPOSED CONCEPTUAL ARCHITECTURE
Based on various architectures proposed in [1], [4], [5], [6],
we believe, an effective system for pervasive healthcare to
contain three layers - Sensor, Communication and Service.
In the ﬁrst layer a set of sensors (wearble or environmental)
are deployed for collecting the vital signs of the patient
under monitoring. These collected data are transmitted via
communication layer to the central facility. WLAN/ cellular/
GSM/ 3G network could be used for serving this purpose. In
service layer appropriate healthcare service can be informed
to take action. Although this architecture may be effective, it
faces the problem of transmitting signiﬁcant amount of data
over the communication layer and effective management of the
data at the central facility. The quality of transmitted medical
data cannot be compromised by any means, therefore research
effort has been dedicated to improve bit error rate, reliability,
network performance, coverage, quality and bandwidth in the
communication layer [1], [5], [6]. Additionally maintenance
of the data in the central facility needs intelligent database
development. One possible solution, which our research is
pursuing, is to embed intelligent signal processing circuitry in
Sensor Layer itself which can monitor the patient’s vital signs
on a continuous basis. However this approach calls for simpli-
ﬁed area and power constrained signal processing algorithm
and architecture development for processing physiological data
which is discussed next.
Among these three layers, our reseach is focussing on Layer
1 - Sensor Layer. We envisage a system where the specialized
signal processing unit and corresponding intelligent decision
making circuitry will be embedded inside the sensor layer
within the sensor nodes for continuous monitoring of patient’s
vital signs. It can communicate with transceiver inside the
sensor node to store processed data in home computer and
only transmit the signal to the central facility through this
transceiver when it ﬁnds departure of the vital sign’s pattern
from the normal pattern. Our research interest is to develop
low-power, area and memory-efﬁcient, and intelligent signal
processing architecture for pervasive healthcare applications.
This design unit inside the Sensor Layer within the sensor
node will check the trend of the vital sign from the received
sensor data. If any abnormality is sensed, then only the central
node will be communicated. Otherwise the processed medical
data will be stored in the local computer using home wireless
infrastructure. This approach will reduce the burden on the
communication layer signiﬁcantly. If required, the central
facility can call for the data stored in the home computer and
other relevant information over the communication layer for
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Fig. 1. Proposed VLSI architecture for FECG extraction
detail diagnosis of the vital signs. However, processing the
physiological signals on a continuous basis in this type of
infrastructure is an extremely challenging problem owing to
the limited resources as mentioned in [18], [20] and [22]. To
materialise such system, it is necessary to reduce the com-
plexity of the required signal processing tasks (“light-weight
signal processing”) and associated architectural optimisation
in such a way that each of the processing circuit consumes as
small power as possible.
IV. CASE STUDY
Here we consider one challenging task of signal processing
in healthcare - extraction of Fetal Electrocardiogram (FECG)
from abdominal composite signal of mother and will discuss
its corresponding architecture from the perspective of perva-
sive healthcare.
Typically, the recorded signal, used for this purpose, is the
mixture of weak FECG, a strong Maternal Electrocardiogram
(MECG), and random contaminations due to other noncardiac
sources [23]. A robust method of FECG extraction from
abdominal composite signal has been proposed in [24]. This
method deals with complex signal processing tasks including
wavelet transform, fuzziﬁcation, reconstruction which increase
the complexity of the circuit in terms of extensive memory and
power requirement. Thus, we believe one to one mapping of
this algorithm [24] into architecture may not fulﬁll resource
constraints for pervasive healthcare. So, we focus on efﬁcient
algorithm to architecture mapping for this method to satisfy
the constraints of pervasive healthcare. From the perspective of
low power architecture development, reduction of number of
multiplication and memory size are of paramount importance.
Fig. 1 presents the architectural overview of FECG extrac-
tion system. Multiplierless architecture of wavelet analysis and
synthesis ﬁlter banks has been implemented using Distributed
Arithmetic (DA) approach. But, in conventional DA based
approach [25], power is dissipated by memory, shifters, adders/
subtractors and accumulator units and considerable amount
of this dissipation occurs in memory. The shifters can be
implemented by simple wire connections. So, main power con-
suming units are adders/ subtractors, memory and comparator
logic unit. We have used this DA based approach in a modiﬁed
way. This leads to signiﬁcant reduction in memory requirement
compared to the conventional DA based method [25]. The nov-
elty of our design is the development of a memory-efﬁcient,
re-conﬁgurable, multiplierless, parameterized Discrete Wavelet
Transform (DWT) and Inverese DWT (IDWT) architecture
and corresponding decision-making circuitry which eliminates
complex fuzziﬁcation as required in [24].
The architecture is designed assuming each incoming frame
consists of 16 ECG samples each having 16 bits word-length
because normally the number of bits per ECG sample varies
from 12 to 36 [11]. The ﬁlter length is assumed to be 16
and each coefﬁcient consists of 16 bits. As number of lead
used of FECG extraction may vary [24], we have considered
5-channel input for our architecture where four channels get
thoracic ECG and one is used to receive composite data. Fig.
1 shows the main design units - Analysis Bank, Decision
Making Block, Generic Memory and Synthesis Bank along
with Controller and Output unit. The Analysis Bank and Syn-
thesis Bank correspond to DWT and IDWT respectively. While
designing these blocks, although convolution-based method
is exploited, we have implemented them using only adders/
subtractors, simple comparator logic and a generic memory
unit and thereby making them multiplierless. This memory
unit is designed by considering pre-computed combination
of ﬁlter coefﬁcients to save signiﬁcant amount of memory.
This model is generic so that it can be conﬁgured with
any kind of wavelets. The concept of complex fuzziﬁcation
is substituted by using simple decision-making logic. This
block is implemented by assigning simple “token” attribute
to particular wavelet and using comparison logic.
The generic memory is the most signiﬁcant block in our
architecture. It has been designed to serve two purposes -
ﬁrst to do multiplierless convolution operation and second is
parameterized DWT and IDWT computation. Fig. 2 clearly
supports that our approach is more memory efﬁcient. When
frame length is between 4 to 8, though memory requirement
grows exponentially in our approach, still it saves 50% of
memory than the conventional approach. When frame length
is more than 8, the memory requirement becomes almost linear
and saves 90% of memory than conventional approach. It
makes our architecture more effective for longer frames. The
proposed architecture requires 27 words on-chip memory. This
is much less compared to the conventional DA based methods
[25] which requires 217 words memory to compute 16 point
DWT and IDWT keeping the number of ﬁlter tap ﬁxed. From
architectural point of view, our design is expected to consume
1306Fig. 2. Required Memory for Conventional DA based approach and Proposed
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less power due to signiﬁcant reduction in memory size and
multiplierless implementation.
The architecture described above has been coded in VHDL,
synthesized using Synopsys Design Compiler with 0.12 µm
standard technology for a target frequency of 1 MHz and
power has been obtained using Synopsys Prime Time on the
synthesized netlist. Total synthesized cell area of the design is
14.2 mm2 and power consumption is 101.5 µW at 1.2 V @
1 MHz frequency.
V. CONCLUSION AND FUTURE RESEARCH CHALLENGES
We overviewed the recent research efforts in pervasive
healthcare system. Signiﬁcant progress has been made in terms
of architecture, sensors, communication and service. We have
developed FECG extraction system architecture suitable for
pervasive healthcare application, which we believe, makes
useful contribution to the Sensor Layer of our proposed three-
layered architecture.
There are many outstanding issues that need to be addressed
and solutions need to be identiﬁed if pervasive healthcare
becomes a reality. We believe, the following challenges require
innovative research.
Better understanding of the linkage between signal process-
ing algorithms and their impact on architecture implementation
is required. Direct application of traditional algorithms will not
be viable in architecture level for pervasive healthcare where
power and area are the main constraints. So, algorithms have
to be designed considering the overall system performance and
corresponding architectural implementation issues which may
lead to ultra low power circuit design.
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